Naturally occurring collagen binding proteins such as the von Willebrand Factor (vWF) or CNA35 [5] [6] [7] labeled with fluorescent dyes or collagen-specific antibodies 8 are frequently employed for collagen imaging. Protein-based targeting strategies have a few key limitations, however: tissue penetration depth decreases with increasing size, and naturally occurring collagen binding proteins are often promiscuous in binding to collagen's many subtypes, effectively reducing the structural information gleaned with these probes. 5, 6 The use of short peptides as targeting ligands presents an attractive alternative: their activity often does not require folding, and their chemical synthesis is inexpensive in comparison to, e.g., antibodies.
Phage display has proven to be a particularly efficient method to rapidly screen large peptide libraries for targeting ligands to a broad variety of substrates. 9 Peptides derived from phage display, however, suffer from a serious drawback in that they typically show significantly weaker binding than their respective high affinity phage. This applies in particular to peptides targeting protein surfaces and results from the intrinsic flexible nature and limited binding interface of peptides. 10 For example, the WREPSFCALS peptide derived from vWF has been reported to bind bovine collagen type I with an apparent K d of only 100 µM. 11 In related work, Caravan et al. reported the development of a disulfide bond constrained collagen binding peptide, but its low µM affinity was obtained only after extensive affinity maturation via the incorporation of non-natural amino acids. 12, 13 As collagens and other ECM proteins have repetitive primary sequences and elaborate structural hierarchies permitting multivalent interactions with cells, a targeting strategy based on multivalent peptide binding is highly attractive. In fact, each phage in the widely used M13 libraries presents five peptide ligands fused to the N-terminus of the phage pIII coat protein at one end of the phage particle. Affinity selection of peptide ligands using these libraries might thus rely on not only the specific amino acid sequence displayed at the phage head but also their presentation in multiple copies capable of interacting with collagens in a multivalent fashion. While a large number of multivalent approaches have been disclosed in recent years, most of them are designed for structurally wellcharacterized targets such as bacterial toxins and lectins.
14, 15 Here we report a multivalent approach to enhance the affinity of phagedisplay derived peptides through reconstruction of the phage's multivalent architecture using carefully designed dendritic wedges as synthetic multivalent scaffolds (Figure 1 ). The approach is demonstrated using a collagen-specific 7-mer peptide sequence against rat tail collagen type I but is likely to be broadly applicable to other multivalent peptide or protein architectures.
Collagen binding phages were identified from commercially available M13 phage libraries containing linear 7-mer, linear 12-mer, or cyclic 7-mer peptides. Initially, strong background binding was observed between the phage and rat tail collagen type I coated on 96-well plates, probably due to Coulombic interactions between the polyanionic phage and the positively charged collagen. Screening of several buffer conditions revealed that this background binding was efficiently suppressed at 0.5 M NaCl. ELISA experiments showed clear enrichment with collagen binding phage for the linear 7-mer library after two rounds of panning, whereas little enrichment was observed for either of the other two libraries ( Figure  S1 ). Subsequent panning experiments were done with the linear 7-mer library using either low pH elution or competitive elution with the collagen binding protein CNA35. Highly homologous peptide sequences were obtained for all panning experiments with nearly all clones containing the consensus sequence H-V-F/W-Q/ M-Q-P/A-P/K ( Figure S1 ). This newly discovered consensus sequence is markedly different from any of the previously reported collagen binding peptides. 11, 13, 16 To mimic the multivalent peptide presentation on the M13 phage head, a pentavalent dendritic platform was constructed, which was designed to incorporate various imaging modalities at the focal point in addition to five copies of the collagen binding phage peptide (Scheme 1).
The branched core of the pentameric structure was built up via a double Michael addition of the bivalent acrylamide 10 to the linear nitroalkane 6 (Scheme 1 and Supporting Information). This AB 5 From phage display to dendrimer display: phage display to collagen reveals a consensus binding sequence that is translated into a high affinity, versatile synthetic collagen-specific probe by mimicking the original pentavalent phage architecture on a dendritic wedge.
VWMQAPGGG-MPAL thioesters to wedges bearing five Nterminal cysteines (19, 24, and 27). Complete conversion to the pentameric collagen binding constructs (20, 25, and 28) was observed after 16 h at 37°C in the presence of benzyl mercaptan with thiophenol as the catalyst. 17 The effect of multivalent display on collagen affinity was studied by ELISA assays using biotinylated monovalent and pentavalent constructs and substrates coated with rat tail collagen type I ( Figure  2A ). Monovalent H 2 N-HVWMQAPGGGK(Biotin)-NH 2 yielded a K d ) 61 ( 5 µM, while a scrambled or reversed sequence showed no significant binding above background. Titration experiments for the pentameric phage analogue 25 revealed a 100-fold improvement in collagen affinity, showing the same affinity (K d ) 550 ( 100 nM) as that of the natural collagen protein CNA35. Moreover, the plot for 25 seems to show a more cooperative affinitysa more steep increase at the low concentration part of the titrationsthan a simple 1:1 Langmuir binding model (see Supporting Information). To understand how the increase in affinity is reflected in the association and dissociation kinetics, surface plasmon resonance (SPR) was employed. Not surprisingly, the monovalent peptide showed fast association and dissociation kinetics to rat tail collagen type I immobilized on a dextran-coated biosensor surface ( Figure 2B) . Association of the pentamer 20, in contrast, was slower, possibly due to its larger size. The most dramatic effect of the pentamer manifests in its dissociation kinetics, where persistent adhesion of 20 to collagen was observed ( Figure 2C ). Low pH elution, similar to that used for the initial phage panning, was required to release the pentamer from the collagen-coated SPR surface. The enhancement in binding over 2 orders of magnitude between the free peptide and the peptide pentamer suggests that dendrimer display is capable of harnessing at least part of the favorable binding characteristics of the peptide-displaying phage.
The AB 5 dendritic wedge mimics several key features of the phage, including its overall valency and its conjugation of peptide ligands via their C-terminus. In this case, the collagen binding peptides are linked using a short GGG spacer and PEG chains that together provide an average distance that is similar to the 2-3 nm spacing between two adjacent pIII domains on the phage. Unlike the peptides displayed on the phage, which are restricted by the pIII proteins, the peptide ligands on the dendritic wedge most likely assume a random coil conformation, acting independently in their interaction with collagen. For example, tryptophan fluorescence and circular dichroism experiments (Figures S17 and S18) did not show any evidence for the formation of secondary or tertiary structure upon multimerization of the collagen binding peptide onto the dendritic wedge. To provide a starting point for understanding the effect of multivalency in these systems, we analyzed the binding using the minimal model of a bivalent interaction. The enhanced affinity can be understood by assuming that binding of one peptide ligand increases the effective molarity (EM) to 0.34 ( 0.07 mM for binding to a second receptor site. 18 This number is consistent with the length of the flexible linker used here and an average distance of ∼30 Å between two peptide binding sites. 19 This analysis also indicates that multivalent binding is only effective when EM > K inter and that statistical factors contribute to enhance the effect of multivalent interactions. A more detailed characterization of the binding specificity of phage peptide dendrimers and its dependency on the molecular architecture, valency of the wedge, and density of binding sites is ongoing.
Having established the favorable binding characteristics of the phage mimics on collagen-coated substrates in vitro, we next assessed their efficacy for selective collagen staining in the more heterogeneous environment of native collagen-containing tissues. We tested the performance of fluorescein-labeled monomers and pentamers for collagen imaging in the parietal pericardium, a fibrous sac around the heart that consists mainly of collagen type I and some type III. 20, 21 Incubation of pig parietal pericardium with 0.6 µM fluorescein-labeled peptide pentamer 28 showed a distinct fibrous network with fibers of an ∼2 µm thickness (Figure 3) . Consistent with the in Vitro binding studies, no collagen was detected using the same concentration of the monovalent collagen binding peptide. Similar collagen architectures as observed for the pentamer at 0.6 µM were observed when using 60 µM of the monovalent peptide, but the amount of background fluorescence was significantly increased. To compare the properties of the peptide pentamer to those of CNA35, the same tissue was costained with 0.6 µM 28 (green) and 6 µM AlexaFluor568-labeled CNA35 (red). Both probes visualize collagen fibers oriented in the same direction, but a more specific stain was observed for the peptide pentamer compared to CNA35 (Figure 3D-F) . The wave-like collagen structures observed with the CNA35 agree with other imaging studies of total collagen content in pericardial tissues. 22 These results are thus consistent with previous findings that CNA35 actually binds to various types of collagen with similar affinity 6 and suggest that phage display is a suitable approach to identify more specific targeting ligands. 23 In summary, the AB 5 dendritic wedge represents a well-defined, highly versatile platform for the affinity enhancement of phagedisplay derived peptides by mimicking key aspects of the multivalent architecture of the phage head. The collagen targeting ligands presented here provide attractive alternatives for antibody-and protein-mediated targeting of collagen remodeling in a number of disease processes. These results thus emphasize the advantage of combining the strength of biological display methods for the affinity selection of peptide ligands with the ability of synthetic chemistry to provide a wide variety of functional groups and 3D topologies.
